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Abstract: Language lateralization in the brain is dependent on family history of handedness, personal
handedness, pathology, and other factors. The influence of age on language lateralization is not com-
pletely understood. Increasing left lateralization of language with age has been observed in children,
while the reverse has been noted in healthy young adults. It is not known whether the trend of decreasing
language lateralization with age continues in the late decades of life and at what age the inflection in
language lateralization trend as a function of age occurs. In this study, we examined the effect of age on
language lateralization in 170 healthy right-handed children and adults ages 5-67 using functional MRI
(fMRI) and a verb generation task. Our findings indicate that language lateralization to the dominant
hemisphere increases between the ages 5 and 20 years, plateaus between 20 and 25 years, and slowly

decreases between 25 and 70 years. Hum Brain Mapp 27:202-212, 2006.
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INTRODUCTION

Modern studies of language localization and lateralization
began with the first reports by Broca and Wernicke, who
introduced the concept of unilateral left hemispheric control
of language functions [Broca, 1861; Wernicke, 1911]. At the
same time, John Hughlings Jackson and Pierre Marie pro-
posed “holistic or noetic models” of language localization;
they postulated that speech is the result of the processing
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that occurs in the entire brain [Basso, 2003]. Since then, the
localization of language processing in healthy and diseased
brains has become the subject of intense research. The “clas-
sical model” of language organization based on data from
aphasic patients with brain lesions, popularized in the 19th
century, remains in common use [Geschwind and Gala-
burda, 1985; Loring et al., 1990; Rasmussen and Milner,
1977]. The general principle of this “classical model” is sup-
ported by studies of individuals who have lost language
secondary to focal brain lesions. Although unilateral cere-
bral lesions provide a useful approach to the study of early
and late hemispheric specialization and offer a context for
the investigation of language plasticity [Booth et al., 2000;
Borod et al., 1985; Liegeois et al., 2004; Naeser and Borod,
1986], they are not a good model for studying normal de-
velopment of language functions.

In health, handedness and language lateralization are in-
terdependent. Even early studies of language development
in children postulated association between language domi-
nance and handedness and/or eye preference [Belmont and
Birch, 1965; Benton and Kemble, 1960]. A study of right-left
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discrimination found that children with the lowest scores on
a sequential reading test had frequent right-left body con-
fusion [Belmont and Birch, 1965]. Based on these findings,
the authors concluded that left-right disorientation had a
significant association with reading performance and that
non-dextrality was associated with abnormal language de-
velopment. Another study of healthy children found that
early language development starts with phonological
awareness, letter recognition, and visual symbolic memory
processes at the age of 5 and is followed by holistic recog-
nition skills at the age of 6 and analytic visual skills at the
age of 7 [Ellis and Large, 1988].

Handedness or hand dominance, a feature unique to hu-
mans, is subject to genetic and environmental influences
[Annett, 1967, 1972; Corbalis, 1997; Ellis et al., 1998; Finch,
1941]. It is also postulated that language lateralization and
handedness are related [Annett, 1972] but a clear genetic link
proving this relationship is still missing [Corbalis, 1997;
Jones and Martin, 2000]. A study in primates found that
there is no clear hand-preference and that hand (a)symmetry
has a normal (Gaussian) distribution that is attributed to
chance: 25% of animals are right-, 50% mixed, and 25%
left-limbed [Annett, 1967; Finch, 1941]. This animal study is
in clear contrast to the human studies estimating left-hand-
edness at 6-16% depending on age [Gilbert and Wysocki,
1992]. Annett and Alexander explain this skewed distribu-
tion of handedness in humans using the “right-shift theory”
[Annett, 1972, 1998; Annett and Alexander, 1996]. According
to them, the presence of a single dominant gene called “RS”
causes bias towards left cerebral advantage/dominance.
Such shift could be a by-product of the mechanisms which
induce left hemisphere advantage for speech and for lan-
guage functions [Annett, 1998]. While the presence of the
dominant RS gene and, therefore, left-hemispheric domi-
nance for language is expected in about 80% of healthy
subjects, approximately 20% lack this gene and have about a
50% chance of becoming either left- or right-handed. This
explains the 6-16% incidence of left-handedness and ambi-
dextrality in population; this theory is supported by empir-
ical data from studies involving normal families with a
history of sinistrality [Jones and Martin, 2000]. The right-
shift theory of language lateralization is at least partially
supported by experimental fMRI/transcranial Doppler
studies of language distribution in healthy subjects [Knecht
et al., 2000b; Szaflarski et al., 2002b] and by leftward asym-
metries in the motor hand area of the precentral gyrus found
in an anatomical study [Foundas et al., 1998].

It is widely accepted that language is predominantly a
left-hemispheric function. Lesional studies as well as studies
in epilepsy patients undergoing presurgical evaluation pro-
vided estimates of language localization in a healthy popu-
lation [Borod et al.,, 1985; Rasmussen and Milner, 1977].
Subsequently, PET, transcranial Doppler, and fMRI studies
evaluated language localization and lateralization in healthy
subjects [Knecht et al.,, 2000b, 2003; Pujol et al., 1999;
Springer et al., 1999; Szaflarski et al., 2002b; Tzourio et al.,
1998]. These studies, among other findings, reported that

language lateralization in healthy subjects depends on per-
sonal handedness, but it may also be influenced by other
factors, e.g., family history of handedness or age [Holland et
al., 2001; Springer et al., 1999; Szaflarski et al., 2002b].

Recent noninvasive neuroimaging studies in healthy
adults demonstrated that approximately 95% of dextrals
have left hemispheric language dominance and that there is
no correlation between the degree of right-handedness and
the strength of left hemispheric dominance for language
[Knecht et al., 2000a; Springer et al., 1999]. In healthy non-
dextrals the incidence of atypical language lateralization is
higher than in right-handed subjects, with about 20-27% of
left-handed healthy subjects exhibiting atypical (symmetric
or right-hemispheric) language dominance [Knecht et al.,
2000b; Pujol et al., 1999; Szaflarski et al., 2002b]. Studies on
healthy right- and left-handed subjects have also shown that
the nondominant hemisphere contributes to language pro-
cessing, though to a varying degree in different subjects
[Chee et al., 1998; Knecht et al., 2000a,b, 2003; Tzourio et al.,
1998; Tzourio-Mazoyer et al., 2004]. Furthermore, these and
other studies have also examined the factors that influence
language lateralization. There is a growing body of evidence
that age may affect language lateralization in a significant
way, but the exact time course of language lateralization
changes across age is unclear [Brown et al., 2005; Holland et
al., 2001; Schlaggar et al., 2002; Springer et al., 1999; Szaflar-
ski et al., 2002b].

Various cognitive tasks have been used in neuroimaging
studies of language. These include semantic decision/tone
decision [Springer et al., 1999; Szaflarski et al., 2002b], verb
generation [Benson et al., 1999; Holland et al., 2001; Liegeois
et al., 2004; Petersen et al., 1988; Wise et al., 1991], or word
generation [Hertz-Pannier et al., 1997; Pujol et al., 1999;
Wood et al., 2004]. Other tasks, e.g., story listening, semantic
decision, or covert reading have been used with good suc-
cess in healthy children and adults [Gaillard et al., 2000,
2001, 2003; Lehericy et al., 2000]. Some of the studies, in
addition to assessing language localization in healthy sub-
jects, evaluated the agreement between functional MRI
(fMRI) language tasks and the intracarotid amobarbital pro-
cedure (Wada test) or direct cortical stimulation and found a
strong correlation between the procedures, suggesting that
fMRI is an excellent tool in evaluating language localization
in health and disease [Benson et al., 1999; Gaillard et al.,
2002; Lehericy et al., 2000; Liegeois et al., 2002; Ojemann et
al., 2002; Springer et al., 1999]. In the fMRI studies, the choice
of the fMRI task is dictated by the primary research question
and by the ability of the subjects to cooperate with the
procedure. To allow us to scan children as young as 5 years
of age, we chose a relatively easy-to-perform verb genera-
tion task that was initially used in a PET study [Petersen et
al., 1988] and later employed by our group to evaluate
language in children and adults [Holland et al., 2001;
Szaflarski et al., 2002a]. This task involves naming verbs
associated with a given noun. This or similar tasks have
shown robust activation in PET, fMRI, and transcranial
Doppler sonography studies in the left inferior frontal and
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lateral temporal regions with less activation in the right
homologs [Hertz-Pannier et al., 1997; Knecht et al., 2000b;
Petersen et al., 1988].

Up till now, the course of language lateralization changes
across all ages has not been established. One study examin-
ing language lateralization in healthy children ages 7-18
found that with increasing age language becomes more lat-
eralized to the left hemisphere [Holland et al., 2001]. An
fMRI study of right and left-handed children (6-15 years of
age) did not find any correlation between language lateral-
ization and age but approximately 19% of subjects in that
study were left-handed, which may have affected the results
[Wood et al., 2004]. Another fMRI study compared brain
activation patterns of children and adults using a verbal
fluency task and found that children had a more robust
blood oxygenation-level dependent (BOLD) signal response
than adults, with somewhat more right-hemisphere and in-
ferior frontal gyrus activation. However, the differences
were not significant, which was probably due to a low
number of subjects (16 children and 29 adults) [Gaillard et
al., 2003].

In contrast to the above, recent fMRI studies of children
and adults using word processing tasks found differences in
brain activation patterns between children and adults
[Brown et al.,, 2005; Schlaggar et al., 2002]. In adults, a
correlation between age and language lateralization in the
left- and right-handed healthy adults was noted, but the
available studies focused on young adults only (ages 18 to
~40), and, therefore, it is not clear whether the trend of
decreasing language lateralization with age continues in the
late decades of life [Springer et al., 1999; Szaflarski et al.,
2002b]. In summary, the effects of age on language lateral-
ization across age are not fully understood and require
further investigation.

The goals of this study were to evaluate the changes in
language lateralization in the brain of right-handed children
and adults between ages 5 and 70 using a verb generation
task and fMRI and to establish the age at which a change in
the trajectory of language lateralization may occur.

SUBJECTS AND METHODS

Healthy right-handed children and adults (as measured
by the Edinburgh Handedness Inventory (EHI) score of
= 50) [Oldfield, 1971] were recruited by word of mouth and
through newspaper and TV advertising. All children had
normal neurological and psychometric examination and no
history of head trauma or neurological / general medical con-
ditions. Adults were included only if they had no history of
previous or current neurological or general medical condi-
tions. We enrolled only right-handed subjects to avoid the
potential effects of different language lateralization on the
language developmental curves in left-handed and ambi-
dextrous subjects [Knecht et al., 2000b, 2003; Pujol et al.,
1999; Springer et al., 1999; Szaflarski et al., 2002b]. Although
in subjects who fall within the EHI range of 50-100 the
degree of dextrality may vary, subjects with EHI = 50 are
considered dextral for research and social purposes; EHI is

an acceptable and “...sufficient means of assessment of
handedness aspect” [Oldfield, 1971, p. 110] in right- and
left-handed subjects [Ellis et al., 1998; Knecht et al., 2000b;
Oldfield, 1971; Springer et al., 1999; Tzourio et al., 1998;
Tzourio-Mazoyer et al., 2004]. Furthermore, a choice of this
range of EHI scores was dictated by the fact that studies of
healthy subjects utilizing EHI as a measure of dextrality did
not find any correlation between the degree of right-hand-
edness and language lateralization [Knecht et al., 2000a;
Springer et al., 1999].

All subjects signed informed consent approved by the
Institutional Review Board of the Cincinnati Children’s Hos-
pital Medical Center; all adult subjects also signed informed
consent approved by the IRB at the University of Cincinnati
Medical Center. Assent was obtained from children and
consent from their parents.

fMRI Verb Generation Task

This block-design task was originally described by Pe-
tersen and later used by many others, including our group
[Petersen et al., 1988]. Briefly, during the activation period a
series of concrete nouns (e.g., chair, oven, spoon) was pre-
sented binaurally at the frequency of one noun per 5 s. The
subject was required to covertly generate verbs that are
associated with each noun. Five activation periods of 30 s
each were separated by resting periods. An initial 30 s rest
period was used to allow for the MRI signal to reach T1
equilibrium but the data from this interval was later dis-
carded during postprocessing. During the six resting peri-
ods the subject was instructed to perform bilateral finger-
tapping in response to a target tone presented every 5 s (FM
tones centered on 400 Hz with 25% modulation). Engage-
ment in performance of this task was monitored in two
ways. First, as mentioned, the finger-tapping control interval
was monitored visually to ensure that the subject was fol-
lowing the block periodic sequence of the task. Second, to
assess engagement in the verb generation task a noun recall
test was administered outside the scanner immediately after
the scanning was complete [Chiu et al., 2004].

MRI Procedure and MRI Data Analysis

Subjects were scanned without sedation using a 3T Bruker
Biospec 30/60 MRI scanner (n = 172; Bruker Biospin,
Karlsruhe, Germany) or 4T Varian MRI scanner (n = 6; ages
34, 41, 56, 56, 66, and 66; Oxford Magnet Technology, Ox-
ford, UK). Foam padding and head restraint were used to
control head movement. The description of the MRI proce-
dure is provided for the Bruker MRI scanner and it is fol-
lowed by the description of the differences between Bruker
and Varian procedures. All MRI studies were reviewed by a
board-certified neuroradiologist. fMRI data on subjects with
any anatomical abnormalities were excluded from analysis.

Bruker

After the subjects were positioned in the scanner the scan-
ner was automatically shimmed to provide a homogeneous
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magnetic field for image acquisition. An initial alignment
scan was done in three orthogonal planes simultaneously
using a fast gradient echo sequence developed for the scan-
ner. This scan takes approximately 9 s and provides a quick
view of the subject’s head position. From this, the location of
the 32 axial planes to be imaged in the fMRI procedures was
identified. The subjects underwent the fMRI scan sequence
during which they were asked to perform the active and
control tasks. The specific protocol for these scans was T2*-
weighted gradient-echo, echo planar imaging (EPI) pulse
sequence: TR/TE = 3000/38 ms, FOV = 25.6 X 25.6 cm,
matrix 64 X 64 pixels, slice thickness = 5 mm, flip angle
= 90°.

Thirty-two image slices were acquired at each time point.
Synchronization of the high-field fMRI scans with the audio
stimuli was fully automated so that when the presentation
commences on the Apple Macintosh computer, the scanner
is triggered to begin acquisitions [Holland and Marchevsky,
1999]. Finally, a high-resolution T1-weighted 3D anatomical
scan was obtained using a modified driven equilibrium
Fourier transform (MDEFT) protocol: TR = 15 ms, TI = 550
ms, TE = 4.3 ms, FOV = 25.6 X 19.2 X 16.2, flip angle = 20°
to provide images for anatomical localization of the activa-
tion maps [Duewell et al., 1996; Wansapura et al., 1999]. This
acquisition took approximately 9 min and yielded spatial
resolution of 1 X 1.5 X 1.5 mm with sufficient signal-to-noise
ratio and contrast between gray and white matter for man-
ual and semiautomated segmentation of regional brain vol-
umes [Wilke et al., 2002]. Thirty-two fMRI scan planes were
extracted from this 3D anatomical data set by interpolation
for use as an anatomical underlay for activation maps.

Varian

From the initial scout images, 30 axial planes to be imaged
in the fMRI procedures were identified. The specific protocol
for the gradient-echo EPI scans was: TR/TE = 3000/25 ms,
FOV 25.6 X 25.6 cm, matrix 64 X 64 pixels, slice thickness
= 4 mm, flip angle array: 85/180/180/90, and for the ana-
tomical scans was TR = 13 ms, TE = 6 ms, FOV = 25.6
X 19.2 X 15.0, flip angle array of 3: 22/90/180 with the voxel
sizeof 1 X 1 X 1 mm.

The fMRI image postprocessing was performed with
CCHIPS (Cincinnati Children’s Hospital Image Processing
System) software that runs in the IDL software environment
(IDL 5.4; Research Systems, Boulder, CO). CCHIPS gener-
ates statistical parametric maps from fMRI data with options
for spatial or temporal filtering for mapping data onto ste-
reotactic coordinates [Talairach and Tournoux, 1988], and
for generating composite activation maps across multiple
subjects [Schmithorst and Dardzinski, 2000]. A Hamming
filter was applied to raw EPI data prior to reconstruction to
reduce the truncation artifacts at the edges of k-space and to
reduce high-frequency noise in the images [Lowe and So-
renson, 1997]. Geometric distortion was corrected for via the
multiecho reference method [Schmithorst et al., 2001]. Data
were then coregistered to further reduce the effects of mo-
tion artifact using a previously developed pyramid coregis-

tration algorithm [Thevenaz and Unser, 1998]. The median
voxel displacement across frames was stored as a measure of
subject motion. Data with excessive motion artifact were
discarded, using the criterion of median voxel displacement
>2 mm. High quality data were then transformed into Ta-
lairach space. On a voxel-by-voxel basis, the average percent
change between resting and active conditions was com-
puted, with the first three frames after each transition dis-
carded in order to account for the delay in the hemodynamic
response. The first 10 frames were discarded in the analysis
in order to allow the spins to reach relaxation equilibrium.

Laterality Index Estimations

The regions of interest (ROIs) were designed based on
activation regions defined from the global composite map
(Fig. 2) for the verb generation task (i.e., Broca, Wernicke
ROIs), using the criterion of Z > 6 (P < 0.001 Bonferroni-
corrected for multiple voxel comparisons) for significant
activation. The activations from the composite maps of chil-
dren and adults performing the verb generation task are
similar to the activations that were used to generate ROIs in
our previous study; for a detailed description of the areas
included in the ROIs, see the legend to Figure 2 and our
previous article [Holland et al., 2001]. The largest areas of
the activation found in the inferior frontal lobe (Broca’s area)
and in the lateral posterior temporal lobe (Wernicke’s area)
on the left were mirrored onto the contralateral side and the
Talairach coordinates of all pixels encompassed within these
regions were stored. ROIs designed this way correspond to
classically recognized areas associated with language. The
centroids of activation were located with maximum over the
middle and superior temporal gyri (Talairach coordinates
-55, =33, 5; BA 21/22/42) for the Wernicke’s area ROI and
with maximum over the inferior and middle frontal gyri
(Talairach coordinates —46, 19, 20; BA 44/45/10) for the
Broca’s area ROIL We also designed a Global Language ROI,
which is a sum of activations in the lateral frontal and lateral
temporal areas. This Global Language ROI was designed to
facilitate evaluation of the global language lateralization
changes associated with age and to allow us to compare the
results of our study to the results of other studies focusing
on hemispheric language localization and lateralization in
right-handed subjects. However, it should also be under-
stood that this ROI is not an independent region in the
statistical analysis.

Laterality indices for each ROI were calculated for each
subject based on the individual percentage change maps in
the following manner. A threshold was determined by cal-
culating the mean value of the t-statistics for all pixels within
the ROIs. The number of pixels exceeding this threshold was
counted for both the left- and right-side ROI. The lateraliza-
tion index was calculated as follows: LI = (ENL-ENR)/
(ENL+2NR), where XNL and XNR represented the sum of
the fMRI pixels that exceeded the threshold for the left and
right hemispheric ROI, respectively. Calculating the LI in
this manner avoided the biases introduced by arbitrary
thresholding and clustering schemes, as well as possible
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differences in BOLD contrast-to-noise ratio between the two
scanners operating at different field strength. Both features
were crucial for the present study to ensure the consistency
in our between-group data analysis.

This approach yields Lls that range between -1 (right-
sided activation only/maximum right hemispheric domi-
nant) and 1 (left-sided activation only/maximum left dom-
inant). Values close to “0” (i.e., |LI|<0.1) define bilateral
language distribution [Benson et al., 1999; Holland et al.,
2001]. A subject with LI > 0.1 is categorized as left dominant,
while a subject with LI < -0.1 is categorized as right-side
dominant.

Data Analysis

Age was measured in years. We also used a binary vari-
able, age group, to distinguish between children (ages 5-17;
reference category) and adults (18 years and older).

LI data analysis: We computed descriptive statistics for
the total sample, including bivariate tests (t-tests) for gender
differences in the laterality indices and the differences be-
tween children and adults in the Edinburgh Handedness
Inventory (EHI) and the Family Handedness Inventory
(FHI) scores. We also computed bivariate correlations (Pear-
son’s r) for all the variables of interest. Next, we used ordi-
nary-least-square (OLS) regression to try to explain the vari-
ation in LIs by age. We regressed LIs on age separately for
the children and the adult subsamples, adjusting for gender,
EHI, and FHI only if their correlations with LIs or age were
significant. For each subsample, we reported slope coeffi-
cients (b) with standard errors (SE) and the variance ex-
plained by each model (R?). To test for differences in the
slopes for age between children and adults, we used the full
sample to run the regression models with added interaction
terms between age group (children vs. adults) and age. A
significant interaction coefficient (P < 0.05) indicated a sta-
tistically significant difference in the effect of age on LI
between children and adults.

RESULTS
Demographics and Bivariate Results

Between the years 2000 and 2004, 178 right-handed sub-
jects were enrolled in the study. Data from eight subjects
(three female, ages 5, 8, and 9; five male, ages 10, 14, 18, 18,
and 58; all scanned at 3T) were excluded due to excess
motion (median voxel displacement >2 mm). The final sam-
ple consists of 115 children (63 female; 52 male) ages 5-17
and 55 adults (37 female; 18 male) ages 18—-67. In 2001 we
began administering a postscan recall quiz to the pediatric
subjects entering the study to test their attention to the fMRI
verb generation task (n = 51). This quiz consists of testing
the recall of nouns given during the active part of the task.
There were no significant differences between younger and
older children in noun recall (P = 0.18); the recall accuracy
was 82% for children 7-8 years old and of 88% for children
10-18 years old [Chiu et al., 2004].

For the entire sample, the laterality index for the Broca
ROI ranged from —0.64 to 0.9, for Wernicke from -0.79 to
0.84, and for Global Language ROI from -0.59 to 0.77. No
gender differences in laterality indices (LIs) for Broca, Wer-
nicke, and Global Language ROIs were found: all P = 0.25.
As expected, 94.7% patients had Broca’s ROI activation lat-
eralized to the left hemisphere, 1.8% to the right hemisphere,
and 3.5% had fairly symmetric activation, for Wernicke’s
ROI these percentages were: 82.9, 5.3, and 11.8, and for
Global Language LI they were: 95.9, 0.6, and 3.5, respec-
tively. There were no differences between children and
adults in the Edinburgh Handedness Inventory (EHI) scores
(mean score 89 vs. 92; P = 0.21) or in the Family Handedness
Inventory (FHI) scores (mean score 84 vs. 87; P = 0.31).

Positive and significant relationships (P < 0.001) were
observed for the three laterality indices. The bivariate Pear-
son correlations ranged from 0.580 for the Broca and Wer-
nicke LIs to 0.700 and 0.955, respectively, for the Wernicke
and Global Language LIs and the Broca and Global Lan-
guage LIs. Note that the Global Language ROI fully encom-
passes the other two ROIs and is therefore not independent.
Significant correlations were also observed between age and
Broca LI, Wernicke LI, and Global Language LI (r = -0.152,

= —-0.216, and r = —0.173, respectively; all P < 0.05). There
were no correlations between gender, EHI, and FHI and the
Broca, Wernicke, and Global Language LIs (all » = 0.098, P
= (.205).

Regression Results for Language
Lateralization and Age

In children ages 5-17 the relationships between the Lls
and age were all positive and two of them were statistically
significant. The effects of age were as follows: b = 0.018 for
Broca LI (SE = 0.005, P = 0.001; R* = 0.100); b = 0.003 for
Wernicke LI (SE = 0.006, P = 0.601; R* = 0.002); and, b
= 0.014 for Global Language LI (SE = 0.005, P = 0.003; R?
= 0.075). These results indicate that 5 years of development
is associated with an average of 0.09 point increase in Broca
LI (increasingly left-dominant) and with an average of 0.07
point increase in Global Language LI

In contrast to children, age had negative and significant
associations with all LIs in adults: b = —0.006 for Broca LI
(SE = 0.003, P = 0.036; R* = 0.080); b = —0.007 for Wernicke
LI (SE = 0.003, P = 0.035; R* = 0.081); and, b = —0.006 for
Global Language LI (SE = 0.003, P = 0.033; R* = 0.083).
These results indicate that, over the period of 5 years, the LIs
in adults decrease by an average of 0.03 points for Broca LI
and Global Language LI and by an average of 0.04 points for
Wernicke LL

The results from the interaction model for the full sample
show two of the three apparent differences in the effect of
age on LI between children and adults to be statistically
significant. The effects of age on Broca LI and Global Lan-
guage LI are different between children and adults as indi-
cated by significant regression coefficients (b’s) for the inter-
actions between age group (children vs. adults) and age (P
< 0.001 and P = 0.001, respectively, for Broca LI and Global
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Figure 1.
Scatterplot of hemispheric language lateralization as a function of
age in children (A: dashed line), adults (B: dotted line), and all
subjects (C). Circles: data obtained at 3T, triangles: at 4T.

Language LI). The difference in the effect of age on Wernicke
LI is not significant (P = 0.194). Figure 1 illustrates the linear
relationships between Global Language ROI and age for
children and adults and a quadratic curve fit for all subjects.
Figure 2 shows a composite map of brain activation related
to the verb generation task for all subjects included in this
report as it was used for generation of the ROIs.

DISCUSSION

This study examines language lateralization changes with
age in a large sample of healthy right-handed children and
adults. The three main findings of the study are: 1) Language
became more lateralized to the left hemisphere with increas-
ing age in children and adolescents; 2) The strongest left
language lateralization was observed between the ages of 20
and 25; and 3) Thereafter, language lateralization decreased
with age—a trend that continued until the 7th decade. The
pattern of increasing language lateralization with age seen
in children and adolescents is similar to that reported pre-
viously [Holland et al., 2001]; the pattern seen in adults is
comparable to studies that utilized different language fMRI
tasks in young adults [Springer et al., 1999; Szaflarski et al.,
2002b].

Recently, left hemispheric lateralization of language func-
tion, as observed by fMRI, was reported in infants from 0-3
months of age, suggesting that the neural substrates sup-
porting language are in place and that they are left-domi-
nant even at birth [Dehaene-Lambertz et al., 2002]. The
presence of language lateralization at such an early age,
even before infants are exposed to environmental stimuli for
a prolonged period of time, suggests that language domi-
nance is genetically determined. Furthermore, the finding of
language lateralization at such an early age has important

implications for future studies. Research has shown that
phonological awareness develops in children 3-4 years old
[Carroll et al, 2003] and that language development
progresses from alphabet and phonological awareness in
5-year-olds to analytic visual perceptual analysis in 7-year-
olds [Ellis and Large, 1988]. Given the above facts and the
fact that the tests of oral fluency show a behavioral trend
towards an increased number of words generated with age
[Spreen and Strauss, 1998], it is possible that the increasing
degree of language lateralization to the dominant hemi-
sphere in this group is related to the improving linguistic
skills. However, this notion was negated by two recent fMRI
and behavioral studies that compared language task-related
BOLD signal changes in children and adults while control-
ling for performance [Brown et al., 2005; Schlaggar et al.,
2002]. Therefore, the shift in language lateralization to the
dominant hemisphere in this age group more likely repre-
sents age-related increases in specialization of the left hemi-
sphere for language processing than a simple maturation
process. Schlaggar et al. [2002] found clear age-related/
performance-independent increases in left frontal regions
(average age of the comparison groups 9 vs. 25; BA 9 and
44). A follow-up study by the same group identified a clear
effect of increasing age on activation in the left dorsolateral
frontal and left parietal cortices with 50% of maturational
increases seen by the age of 12 and 75% by the age of 15. At
the same time, they noticed maturational decreases in acti-
vation in the medial brain regions (medial frontal, cingulate,
medial parietal, and occipital cortices) and in right dorsolat-
eral frontal cortex [Brown et al., 2005] which also contribute

Figure 2.
Average activation map showing areas of higher BOLD contrast
during the verb generation task in 170 children and adults in
radiological convention. Spatial coordinates for the Broca’s ROI
centroid (x = —46;y = 19;z = 20) correspond predominantly to
the left inferior frontal gyrus (BA 44 and 45; also included in the
ROl are parts of the middle frontal gyrus and inferior part of the
precentral gyrus; BA 6, 9, and 46); spatial coordinates for the
Wernicke’s ROI (x = —54; y = —-33; z = 5) correspond predom-
inantly to the medial/superior temporal gyri (BA 21, 22, 42; also
included is posterior part of the inferior temporal gyrus; BA 37).
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to the increasing language lateralization to the dominant
hemisphere. The results of our study agree with these find-
ings.

In contrast to the above findings derived from behavioral
and imaging studies, in 48 children studied with verb gen-
eration and orthographic lexical retrieval tasks, Wood et al.
[2004] found that the degree of language lateralization was
not associated with age. Rather, better performance on the
orthographic lexical retrieval task was associated with in-
creased number of activated voxels in the left lateral frontal
areas. Unfortunately, this study used a high proportion of
left-handed subjects (9/48), and therefore the findings of
lack of effect of age on language lateralization cannot be
accepted as dogmatic in view of several studies showing
clear association between handedness and the degree of
language lateralization [Knecht et al., 2000a,b; Pujol et al.,
1999; Springer et al., 1999; Szaflarski et al., 2002b; Wood et
al., 2004], which, in turn, affects the strength of language
lateralization [Springer et al., 1999; Szaflarski et al., 2002b].
Gaillard et al. [2003] did not find the association between
increasing age and change in left-hemispheric activation. In
particular, they found no significant differences in localiza-
tion or laterality of activation between children and adults
except for a slightly increased number of activated pixels in
the left inferior and middle frontal gyri. Unfortunately, sub-
jects” performance was not monitored, hence the lack of
differences in language localization and lateralization be-
tween adults and children in that and another study by the
same group could be potentially related to differences in
performance [Gaillard et al., 2000, 2003].

Although studies focusing on the maturation of the cen-
tral nervous system indicate that emergence of cognitive
function is dependent on the density of synaptic connec-
tions, of which the maximum is attained within the first few
postnatal months, reaching the fully mature capacity likely
depends on the elimination of the unnecessary connections
that occurs in late teenage and early adult years [Goldman-
Rakic, 1987]. The stable number and density of the synapses
is reached in the late teenage/early adult years, and this
number remains constant throughout the rest of the adult
life [Goldman-Rakic, 1987; Huttenlocher, 1979]. Finally, in
the human brain microscopic and diffusion-tensor imaging
studies confirm that myelination in areas such as frontal
cortex continues through the teenage years (possibly into the
mid- and late-twenties), during which period synaptic den-
sity decreases minimally [Klingberg et al., 1999; Schmithorst
et al., 2002; Yakovlev and Lecours, 1967] and a correspond-
ing increase in the white matter volume is noted [Sowell et
al., 1999, 2002; Wilke et al., 2002]. This suggests that not only
the density of the synaptic connections but also myelination
may influence language lateralization [Gaillard et al., 2000;
Klingberg et al., 1999]. These microanatomic changes are
also associated with changes in glucose metabolism. PET
studies in children have shown higher baseline resting brain
glucose metabolism and blood flow than in adults [Chugani
et al., 1987]; resting glucose metabolism is a reflection of
synaptic density and activity, and it is usually coupled with

cerebral blood flow. While these studies illustrate the micro-
anatomic and physiologic changes occurring in the maturing
brain, they also support the findings of our study of increas-
ing language lateralization to the left hemisphere as a result
of these changes. It should be noted here that because our
findings are reported as a lateralization index, which is a
ratio of the fMRI signal in ROIs on the left and right side of
the brain, the results should be largely immune to age de-
pendence of the fMRI signal changes or differences in BOLD
signal scanners of different field strengths [Schapiro et al.,
2004].

All studies examining language lateralization in the pedi-
atric population provide similar incidence rates for language
lateralization to the dominant hemisphere in right-handed
subjects, but the data regarding the effect of age on language
lateralization is conflicting. Some authors noted increasing
lateralization of language functions to the left hemisphere
with age [Holland et al., 2001], while other studies did not
confirm that finding [Gaillard et al., 2000, 2003; Lee et al.,
1999; Wood et al., 2004]. There may be multiple explanations
for the discrepancy between studies: 1) differences in lan-
guage tasks used in these studies; 2) differences in task
presentation (auditory vs. visual; verb generation task used
in this study yields more consistent language lateralization
when compared to visual presentation of the same task
[Holland et al., 1999]); and 3) limited age span or low num-
ber of subjects, or combining right- and left-handed subjects
in data analysis of studies that did not confirm the relation-
ship between age and language lateralization, or subject
performance.

The study by Holland et al. [2001] did not measure sub-
jects” performance during or after the scanning and, there-
fore, it is not clear whether the correlation between language
lateralization and age is related to performance; other stud-
ies did not find a correlation between performance and
language lateralization [Gaillard et al., 2003; Wood et al.,
2004], although an increasing number of activated voxels in
the left frontal regions was noted in one of these studies
[Wood et al., 2004]. Since we have not seen any differences
in performance between younger and older children (which
may reflect potential ceiling effect for noun memory in older
children), the finding of increasing language lateralization
with age in children appears to be true and age-related.

The finding of decreasing language lateralization in adults
is not surprising in view of the previous studies of language
localization in left- and right-handed adults that used dif-
ferent language activation paradigms [Springer et al., 1999;
Szaflarski et al., 2002b]. Also, the magnitude of the correla-
tion between age and LlIs is similar between our study and
the aforementioned studies, supporting the validity of our
results. It is somewhat surprising that these trends, instead
of reaching a plateau at a certain age, continue through the
7th decade of life and the high incidence of right-hemi-
spheric LI in subjects over 50 (4/14; 29%). This is somewhat
counterintuitive since the incidence of aphasia in left medial
cerebral artery stroke patients does not decrease with age,
nor is there an improvement in the poststroke aphasia re-
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covery in older adults. The presence of age-related reorga-
nization in language lateralization could allow the elderly
subjects to maintain cognitive performance [Grady, 1996],
though our study was not designed to test for that. The
findings of changing language LI with age in our study are
also not thought to be related to the demands of the lan-
guage task itself, since the same verb generation task was
administered to all subjects. This task was designed to be
relatively simple, based on nouns found in the lexicon of the
average 5-year-old, and it can be performed easily by all
ages included in this study [Byars et al., 2002; Chiu et al,,
2004]. Furthermore, increase in the demands of a word
retrieval task did not lead to changes in language lateraliza-
tion in a previous functional transcranial Doppler sonogra-
phy study [Drager and Knecht, 2002].

It is unlikely that our findings of decreasing asymmetry of
the LI with age in adults is related to anatomical differences
between young and old subjects, e.g., cerebral atrophy. All
scans were reviewed by a board-certified neuroradiologist
and scans with any anatomical abnormalities were excluded
from the study. Stebbins et al. [2002] evaluated the issue of
age-related changes in brain anatomy and fMRI activation
using a word-encoding task and found no age effect on the
volume of activated tissue.

There may be other explanations for the decreasing lan-
guage lateralization in elderly. Lexical decision, as in the
verb-generation task used in this study, consists of multiple
processes that include word encoding, lexical access, stimu-
lus decision, response selection, and response execution
[Allen et al., 2004], which all can be affected by aging that
leads to changes in hemispheric lateralization of language
functions. While there are no clear timing, size, and distri-
bution of lexical associative effects between young and old
subjects as tested with event-related potentials (ERP),
higher-order language processes are delayed in elderly [Fe-
dermeier et al., 2003]. This results in decrease in lexical
retrieval in elderly as compared to younger subjects [Connor
et al.,, 2004; Mackay et al., 2002] with the rate of 2% per
decade. This, in turn, could also be either partially explained
or even caused by the presence of stroke risk factors, e.g.,
diabetes or hypertension that are omnipresent in the elderly
[Brady et al., 2001]. We minimized this possibility by screen-
ing our subjects for the presence of any medical conditions
and included in the study only healthy subjects. However,
we did not specifically obtain the medical records of the
subjects from their family physicians to corroborate the his-
tories, so there could be unknown risk factors in our popu-
lation. Another ERP study examined the effects of age on
speech perception [Bellis et al., 2000]. These authors found
left-hemispheric lateralization for responses to speech stim-
uli in healthy children and adults but symmetric responses
in elderly. Finally, the changes in language laterality could
be related to the changes in memory encoding necessary for
the processing of the verb-generation task utilized in this
study [Allen et al., 2004; Stebbins et al., 2002]. Stebbins et al.
[2002] observed age-related decreases in the left inferior
frontal gyrus (BA 44/45) BOLD signal changes which lead to

more symmetric lateralization indices for word encoding in
the elderly. Since the fMRI activations observed in the
present study partially involve the inferior frontal gyrus, the
decreases in global and frontal LIs may in part be related to
the changes in lateralization of memory encoding. There-
fore, our finding of decreasing language lateralization with
age, although surprising, is in agreement with previous
ERP, behavioral, and fMRI studies.

Other factors that could be associated with changes in
hemispheric lateralization are: decreasing with age white
matter diffusivity and fractional anisotropy and atrophy of
the corpus callosum [Laissy et al., 1993; O’Sullivan et al.,
2001a,b]. Changes in the mean diffusivity and fractional
anisotropy that could be present in elderly subjects even
before the appearance of the T2-weighted signal changes
may lead to disruption of functional relationships between
various cortical regions, e.g., the Broca/Wernicke areas and
nondominant hemisphere homologs, and lead to the loss of
coordination of the whole neural response that would imply
loss of functional connectivity [O’Sullivan et al., 2001a,b].
Age-related decreases in the size of corpus callosum with
age [Laissy et al., 1993] could further contribute to the de-
graded communication between hemispheres and affect the
interhemispheric information transfer, as seen in an evoked
response potential (ERP) study of competing speech tasks
[Greenwald and Jerger, 2001]. These factors could lead to
increased activation in the nondominant hemisphere ho-
mologs that could be related to disconnection rather than
activation of new regions responsible for language. Such
interpretation of the findings of this study could explain the
presence of significant aphasia after left hemispheric stroke
in patients who are left-dominant for language despite the
finding of more symmetric language distribution with in-
creasing age. This is, of course, speculative since the neuro-
imaging techniques provide only indirect evidence of cere-
bral connectivity and depend on the assumption of a linear
relationship between BOLD signal and hemodynamic re-
sponse that may not be present in the elderly subjects.

Our study is subject to several possible limitations. The
discussion presented above reflects the association between
age and global laterality index. One could suppose that
presenting the results as a relationship between the frontal
language ROI (e.g., Broca) and age would reflect the changes
in the age/LI relationship more accurately. In fact, many
previous studies either used tasks that predominantly acti-
vate the frontal regions or used the frontal activation as the
measure of language lateralization [Lehericy et al., 2000;
Petersen et al., 1988; Pujol et al., 1999; Wise et al., 1991]. This
is similar to our findings, where the age/LI relationship in
children is significant for Broca’s and global ROIs but not
significant for Wernicke’s ROI and significant for all three
regions in adults. Therefore, inclusion of other regions
would weaken rather than strengthen the relationship be-
tween age and global LI noted in this study if language
lateralization was more closely related to frontal than to
other brain regions. The data presented here support the
model that language lateralization is predominantly driven
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by frontal brain regions and that the correlation between age
and LI is stronger for the frontal ROI (i.e., Broca’s) rather
than temporal ROI (i.e., Wernicke’s).

Another limitation of this study is the use of LI as a
measure of dynamic changes in brain plasticity. Calculating
the LI presents some limitations: 1) classification of LI may
differ based on the threshold criteria; 2) generating ROI
boundaries based on the distribution of activated voxels
across many subjects (which may exclude certain language
areas in subjects with less typical language function local-
ization); and 3) the relationship between fMRI-derived map
of language localization and the functional significance of
such areas [Liegeois et al., 2002]. Although we cannot en-
tirely exclude the first possibility, our analysis was designed
to circumvent such bias by calculating laterality indices
based on the average percent change activation for all voxels
within the ROI, and by avoiding arbitrary thresholding and
clustering schemes that could potentially affect the language
lateralization (this also addresses the concern that the de-
creasing language lateralization with age in adults is related
to the differences between scanners (3T vs. 4T) and the fact
that only subjects older than 30 were imaged at 4T). To avoid
the second bias, we used generous boundaries for the ROIs
(Fig. 2), which led us to include area of greater functional
relevance. Finally, although we did not directly compare the
accuracy of language localization between fMRI with verb-
generation task and cortical mapping (as the gold standard
for language localization), this was done by other groups
with good success [Benson et al., 1999; Liegeois et al., 2002;
Ojemann et al., 2002], with clear advantage of verb-genera-
tion task over object-naming and single-word-reading tasks
shown by Benson et al. [1999].

We were unable to assess performance inside the scanner
due to the covert nature of the task, which is another limi-
tation of the present study. We are therefore unable to reject
the alternative hypothesis that our results may, to some
extent, represent age-related differences in performance. It is
not known whether and to what extent language perfor-
mance is related to laterality of activation, although in the
most recent study that collected the performance data there
was no correlation between age and language lateralization
[Wood et al., 2004]. Further research, possibly using an overt
task with a specially designed scan sequence with silent
intervals enabling the subjects’ responses to be heard, will be
necessary to overcome this limitation [Schmithorst and Hol-
land, 2004]. Since the control condition was not a baseline
resting condition, but rather a bilateral finger-tapping task,
the possibility also remains that our results might be influ-
enced by activation resulting from the finger-tapping, as
increases in activation with age for a finger-tapping task has
been previously shown [Schapiro et al., 2004]. To minimize
this possibility the analysis was restricted to ROIs with very
high significance for activation from the language task.
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